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a  b  s  t  r  a  c  t
A  simple  and  effective  approach  was  demonstrated  to  synthesize  ﬂowerlike  Pt nanocrystals  on  poly-
dopamine  (PDA)  functionalized  reduced  oxide  graphene  (RGO).  Inspired  by  mussels,  the  PDA/RGO
composites  were  obtained  via  the  reduction  of  GO nanosheets  by dopamine,  followed  by  simultaneous
capping  by  PDA.  Then,  the  synthesis  of  Pt ﬂowerlike  nanocrystals  assembled  with  small  elongated
nanoparticles  on  PDA/RGO  (Pt(F)-PDA/RGO)  was  carried  out  by  mixing  H2PtCl6 with  PDA/RGO  in  the
presence  of  ascorbic  acid under  boiling.  PDA  as a surface-adherent  and  multifunctional  biopolymer
played  a dual  role: dispersing  stable  RGO  into  aqueous  solution  and  providing  functional  groups  to
bind  metal  ions  and  metal  nanoparticles.  The  as-prepared  Pt(F)-PDA/RGO  catalyst  showed  considerablylowerlike platinum nanocrystals
ethanol electrooxidation
improved  catalytic  activity  and  stability  toward  methanol  electrooxidation,  compared  with  Pt nanoclus-
ters  on  PDA/RGO  (Pt(C)-PDA/RGO)  and  Pt nanoparticles  on  pristine  graphene  sheets  (Pt/RGO).  The kinetic
characterization  of  Pt(F)-PDA/RGO  was  further  discussed  by cyclic  voltammetry.  This  simple  and  green
approach  could  be applicable  to other  metallic  nanocrystals  as  a novel  platform  in catalysis,  fuel cells  and
biosensors.
ublis© 2014  The  Authors.  P
. Introduction
Direct methanol fuel cells (DMFCs) as an attractive power source
ave been attracting great attention for several decades due to
heir high energy density, low operation temperature, low pollut-
nt emission, and ease of handling liquid fuel [1–3]. In view of these
dvantages, DMFCs have potential applications in many ﬁelds such
s automobiles, portable electronic and some small devices [4].
nd the noble metal—platinum (Pt) is one of the best catalysts for
MFCs. But its high price and limited availability in nature hamper
ts using amount in DMFCs. To solve this problem, conductive sup-
orts such as nanostructured carbon materials are usually used to
oad Pt nanoparticles with enhanced activity and improved stability
5–7].
Nanostructured carbon materials like carbon black, carbon
anotubes and graphene because of their electrical conductivity
∗ Corresponding authors.
E-mail addresses: yewch@lzu.edu.cn (W.  Ye), xueds@lzu.edu.cn (D. Xue).
ttp://dx.doi.org/10.1016/j.electacta.2014.06.161
013-4686/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article unhed  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
and ability to improve catalytic activity in DMFCs, have been receiv-
ing a great deal of interest [5–7]. Amongst them, graphene (or
reduced oxide graphene, RGO) as a quasi-2D material can maximize
the availability of a nanosized electrocatalyst surface area for elec-
tron transfer and provide enhanced mass transport of reactants to
the electrocatalyst [5–7]. Unfortunately, production of a homoge-
nous colloidal suspension of graphene in polar solvents becomes
very difﬁcult owing to the hydrophobicity of pristine graphene.
Furthermore, RGO tends to agglomerate irreversibly and even to
restack into graphite through van der Waals interactions in the
absence of polymer or surfactant [8]. Therefore, modiﬁcation of the
hydrophilic groups or addition of a polyelectrolyte or surfactant has
been utilized to improve the solubility of RGO [9].
Polydopamine (PDA) as a surface-adherent and multifunctional
biopolymer can be formed on a wide range of inorganic and
organic materials by simply immersing a substrate in a weak
alkaline solution of dopamine [10]. Its aromatic structure with
amine and catechol groups provides the advantage of a one-
step surface functionalization and allows the introduction of a
new paradigm in the ﬁeld of surface modiﬁcation [10–12]. For
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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xample, ﬂowerlike gold nanoparticles were electrodeposited on
DA-modiﬁed ITO substrates in our previous work [12]. Moreover,
opamine is an eco-friendly reducing agent for the reduction of
O [13].
Another signiﬁcant effect on promoting methanol is the size
nd structural morphology of metal electrocatalysts. Generally,
anoﬂowers contribute to providing favorable surface areas and
ctive centers because of their porous nanostructures. Thus,
hey exhibit superior catalytic activity and enhanced poisoning-
olerance for methanol electrooxidation [14,15].
Herein, we designed a facile and green approach to synthe-
ize ﬂowerlike Pt nanocrystals on PDA functionalized graphene
Pt(F)-PDA/RGO). The enhanced catalytic performance, cat-
lytic stability and kinetic characterization toward methanol
xidation were investigated in detail. The results demon-
trated that Pt(F)-PDA/RGO had great potential applications in
MFCs.
. Experimental
.1. Synthesis of Pt ﬂowerlike nanocrystals on PDA/RGO
GO was obtained by the modiﬁed Hummers method. The syn-
hesis of Pt ﬂowerlike nanocrystals on PDA/RGO was a two-step
rocess: Firstly, PDA/RGO was prepared according to the reference
13]. Brieﬂy, 10 mg  GO was dispersed into 20 ml  Tris-HCl (10 mM,
H = 8.5) solution. Subsequently 10 mg  of dopamine hydrochlo-
ide was added and the mixture was stirred at 60 ◦C for 24 h.
Fig. 1. (A) Raman of PDA/RGO. High resolution XPS spectra of PDA/RGO samcta 142 (2014) 18–24 19
The dark brown suspension turned into a black solution. The
products were collected by centrifugation, thoroughly rinsed with
water. Then, the obtained PDA/RGO was  re-dispersed into 40 ml
water, followed by adding 1.25 mL  of 1 wt % H2PtCl6. The mix-
ture solution was heated to boiling under stirring. 1 mL  of 0.1 M
ascorbic acid was  subsequently added to the boiling solution. After
30 min, the Pt ﬂowerlike nanocrystals on PDA/RGO were obtained,
naming as Pt(F)-PDA/RGO. For comparison, Pt-RGO composites
were synthesized by depositing Pt nanocrystals on RGO sheets
via the reduction of NaBH4 without PDA modiﬁcation under the
same procedure, naming as Pt-RGO. Pt nanoclusters on PDA/RGO
were synthesized by mixing H2PtCl6 with PDA/RGO solution in
the presence of ascorbic acid at room temperature, naming as
Pt(C)-PDA/RGO.
2.2. Characterization
High-resolution transmission electron microscopy and corre-
sponding selected area electron diffraction (HRTEM/SAED) were
preformed on a transmission electron microscope (TEM, Tecnai
G2 F30, FEI, USA). Energy dispersion X-ray (EDX) spectrum was
used to analyze the composition of the samples. The samples for
TEM were prepared by placing a drop of the as-prepared solu-
tion on carbon-coated copper grids followed by drying. X-ray
photoelectron spectroscopy (XPS) was performed on a multifunc-
tional spectrometer (Thermon Scientiﬁc) using Al K radiation.
Raman spectrum was obtained on a Raman system with confocal
microscopy (Renishaw Microscope, Lab RAMHR800; laser excita-
tion at 532 nm).
ple for the C1s region (B), the N1s region (C) and the O1s region (D).
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The electrochemical experiments were carried out on a CHI 660B
lectrochemical station (Shanghai China) with a three-electrode
ystem where a Pt wire and saturated calomel electrode (SCE) acted
s the counter and reference electrodes, respectively. A glassy car-
on electrode (GCE, 3-mm diameter) was modiﬁed by dropping
0 L of the electrocatalyst ink (2 mg/ml) as the working electrode.
he ink was composed of 5 wt% Naﬁon solution and ethanol with
olume ratio of 1:50 as the solvent.
. Results and discussion
.1. Characterization of Pt(F)-PDA/RGO compositesThe synthesis of PDA-wrapping RGO via the reduction of GO by
opamine and self-polymerization of the latter was  characterized
ith Raman spectroscopy and XPS characterization. The Raman
ig. 2. TEM (A and B), HR-TEM (C), EDX (D) and XRD (E) images of Pt(F)-PDA/RGO. The ins
f  Pt(F)-PDA/RGO for the Pt4f region.cta 142 (2014) 18–24
spectrum of PDA/RGO (Fig. 1A) exhibited an intense G peak at
1597 cm−1 and a highly intense D band at 1356 cm−1. The D band is
associated with the defect-related mode and the G band is related to
the graphitic hexagon-pinch mode [16,17]. From Fig. 1A, it is found
that the ID/IG ratio was  about 1.0, indicating that the defect density
of PDA/RGO was  very low and the high degree of graphitization was
maintained
For the C1s XPS spectrum of PDA/RGO (Fig. 1B), the main peak
at 284.6 eV corresponds to C-C, while the other two weak com-
ponents at 285.6 and287.7 eV are ascribed to C-O/C-N and O-C O
(respectively) [18,19]. Also, an additional component at 292.1 eV
is attributed to a -* “shake-up” satellite [20] of the aromatic
rings of PDA, which suggests that - stacking might be one of the
possible interaction modes for the PDA wrapping on the surface of
RGO. The XPS N1s and O1s spectra can help to further prove the
wrapping of PDA. For XPS N1s spectrum, a distinct peak (Fig. 2C)
et of (C) shows SAED pattern for a collection of Pt nanostructures. (F) XPS spectrum
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ppeared at ∼399.0 eV, which can be deconvoluted into two  peak
omponents: one at 399.4 eV is attributed to the N-H groups, aris-
ng from the amine groups in the heterocycle of PDA; another at
98.7 eV corresponds to the -N= species, arising from the pyridine-
ike structure of PDA [18]. Similarly, the XPS O1s peak at (Fig. 2D)
an be divided into two major peak components at 529.8 eV and
31.4 eV, which can be attributed to C-O and O-H, respectively
21].
The formation of Pt ﬂower nanostructures on the surfaces
f PDA/RGO was conﬁrmed by TEM observation. From Fig. 2A,
t is clearly seen that Pt nanocrystals with high density of
ower nanostructures have been successfully deposited on the
raphene surface. These ﬂower nanocrystals were highly dis-
ersed on the graphene sheets and exhibit single structures. Their
ize range was 10-35 nm.  The enlarged TEM image reported in
ig. 2B further revealed that the Pt ﬂowerlike nanostructures were
omposed of many elongated nanoparticles, in which the small
longated nanoparticles were uniform with average dimensions
f ca. 2.7 nm × 7 nm.  Fig. 2C shows an atomic resolution HRTEM
mage of ﬂowerlike Pt nanocrystals. The lattice fringes with a spac-
ng of 0.22 nm were apparently visible, which is assigned to the
111) crystal plane of Pt face-centered cubic (fcc) crystals. More-
ver, in the SAED pattern (the inset of Fig. 2C), there were bright
oncentric rings, which can be assigned to (111), (200), (220)
nd (311), suggesting the polycrystalline feature of ﬂowerlike Pt
anocrystals. EDX spectrum in Fig. 2D provides direct proof that
hese nanocrystals are clean Pt, without introducing any impuri-
ies.The good polycrystalline feature of ﬂowerlike Pt nanocrystals
upported on the PDA/RGO nanosheets was further conﬁrmed by
he XRD measurement (Fig. 2E) In the XRD spectra, the four repre-
entative diffraction peaks at 39.8◦, 46.3◦, 67.6◦, 81.4◦ and 86.0◦ can
Fig. 3. TEM images of Pt(C)-PDA/RGO (a and b) and Pcta 142 (2014) 18–24 21
be indexed to the (111), (200), (220), (311) and (222) crystal planes
of fcc Pt [22]. Besides, a broad peak corresponding to graphene was
clearly emerged at 23.6◦ [23], which indicates that GO was further
converted to the crystalline graphene and the conjugated graphene
network (sp2 carbon) was reestablished in the reduction process
[24].
XPS characterization conﬁrms the decoration of Pt nanocrys-
tals onto the surface of PDA/RGO. Fig. 2F shows the high-resolution
XPS spectrum of Pt 4f peak. Distinct Pt 4f5/2 and Pt 4f7/2 peaks at
75.0 and 71.7 eV (respectively) can be easily observed, which are in
good agreement with those of pure bulk platinum [25]. Based on
these results, we believe that the Pt nanocrystals were successfully
modiﬁed on PDA/RGO.
The effects of heating and the modiﬁcation of PDA on the
morphologies of Pt nanostructures were further studied. When
the synthesis process was carried out at room temperature, the
big nanoclusters with the diameter of 12-20 nm were observed
(Fig. 3a-b). As the reaction temperature is low, the reduction
rate of platinum ions to platinum nanoparticles is low, resulting
in the aggregation of platinum nanoparticles and the forma-
tion of the big nanoclusters. Similarly, as platinum nanocrystals
were deposited on pristine RGO, the ﬂowerlike nanostructures
assembled with small spherical nanoparticles could be seen
from Fig. 3c-d; however, the lowerlike nanostructures were eas-
ily aggregated together. Moreover, the spherical nanoparticles
had the diameter of about 5.0 nm,  which is nearly twice of
the diameter (ca. 2.7 nm)  of the small elongated nanoparticles
of Pt(F)-PDA/RGO. The abundant amine and catechol groups of
PDA molecules are good capping and reductive agents for the
synthesis of metal nanoparticles, which leads to make rapid
metal nucleation and be thermodynamically favorable for metal
deposition [12]. Therefore, heating and the PDA modiﬁcation
t-RGO (c and d) with different magniﬁcation.
2 mica Acta 142 (2014) 18–24
a
n
3
s
h
o
T
i
E
O
h
(
b
m
s
s
t
T
r
t
t
s
P
T
o
e
P
e
s
d
P
t
t
c
Fig. 5. Current-time plots in 0.5 M H2SO4 + 2 M CH3OH at 0.75 V for 1500 s. Curves
F
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re vital to the formation of well-dispersed ﬂowerlike Pt
anocrystals.
.2. Electrocatalytic activity for methanol oxidation
Fig. 4A shows the cyclic voltammograms (CVs) of different
amples in 0.5 M H2SO4. As expected for Pt catalysts, the typical
ydrogen adsorption/desorption peaks as well as the monolayer
xide (PtOx) reduction peaks in the cathodic sweep were observed.
he ECSA values values can be determined by the charge concern-
ng H+ adsorption, QH, according to the following equation [26,27]:
CSA[cm2 g−1 of Pt]
= charge[QH, C cm
−2]
210[C cm−2] × Pt loading[g of Pt cm−2]
(1)
The obtained QH and ECSA values are listed in Table 1.
bviously, the ECSA value of Pt(F)-PDA/RGO (89.64 m2 g−1) is much
igher than those of Pt(C)-PDA/RGO (51.89 m2 g−1) and Pt-RGO
59.30 m2 g−1). We  believe that the Pt(F)-PDA/RGO catalyst would
e favorable toward electrocatalytic reaction.
The electrocatalytic properties for methanol oxidation were
easured in 0.5 M H2SO4 + 2 M CH3OH solution for each of the
amples, as shown in Fig. 4B. The peak current in the forward
weep for the Pt(F)-PDA/RGO was 6.24 mA,  which is approximately
wice of those of Pt(C)-PDA/RGO (3.16 mA)  and Pt-RGO (3.05 mA).
he ratio of the forward oxidation current to the backward cur-
ent, If/Ib, is currently used to describe the tolerance of the catalyst
o the carbonaceous species. A higher ratio indicates more effec-
ive removal of poisonous carbonaceous species on the catalyst
urface [15,28]. From Fig. 4B, the If/Ib values of Pt(F)-PDA/RGO,
t(C)-PDA/RGO and Pt-RGO are 1.17, 1.09 and 0.92, respectively.
he increase of If/Ib implies that methanol can be more effectively
xidized on Pt(F)-PDA/RGO during the forward potential scan, gen-
rating less poisoning species compared with Pt(C)-PDA/RGO and
t-RGO.
Chronoamperometric experiment is frequently carried out to
valuate the activity and stability of the samples. In Fig. 5, the
teady-state current (I) of Pt(F)-PDA/RGO catalyst was the highest
uring the whole testing time. And the residual current of Pt(F)-
DA/RGO after 1500 s (0.69 mA)  was ca. 19 and 9 times higher than
hose of Pt(C)-PDA/RGO (0.034 mA)  and Pt-RGO (0.063 mA), respec-
ively (Table 1). The results suggest the stability of Pt(F)-PDA/RGO
atalyst is excellent.
ig. 4. CVs in 0.5 M H2SO4 (A, the scan rate of 50 mV s−1) and 0.5 M H2SO4 + 2 M CH3OH (B, t
t(C)-PDA/RGO and Pt-RGO, respectively.a-c  correspond to the catalysts of Pt(F)-PDA/RGO, Pt(C)-PDA/RGO and Pt-RGO,
respectively.
3.3. Electrocatalytic stability for methanol oxidation
The electrocatalytic stability of these catalysts was further com-
pared by using the loss of current density, which is under the
forward scan at the peak potential. Fig. 6A shows various CVs
of Pt(F)-PDA/RGO catalyst with increasing cycle number. Fig. 6B
presents the relationship of normalized current and cycle number.
It was  found that Pt(F)-PDA/RGO catalyst retained 88% of the max-
imum peak current after 200 cycles. In contrast, Pt(C)-PDA/RGO
and Pt-RGO catalysts retained only 65% compared to the maximum
peak current after 200 cycles (Table 1). The decay of current with
scanning cycles is known to be due to the formation of CO interme-
diate species on the catalyst surface during the methanol oxidation
reaction, signiﬁcantly poisoning the Pt catalysts for methanol
oxidation [15,26–28]. The superior CO tolerance and enhanced
catalytic activity for methanol oxidation can be attributed to the
results of improved dispersion and small size of the Pt nanocrys-
tals on the PDA/RGO support as well as the hydrophilic nature of
the PDA/RGO support [13,29]. The inset of Fig. 6B shows that Pt(F)-
PDA/RGO and Pt(C)-PDA/RGO catalysts exhibited good dispersivity
in water while a serious aggregation phenomenon occurred for
Pt-RGO catalysts.
It is noted that the performance of the as-prepared Pt(F)-
PDA/RGO is better than those of commercial Pt/C [23], graphene-Pt
systems [30,31], graphene decorated with three-dimensional Pt-
on-Pd bimetallic nanodendrites [23] and PtRu/C [32,33], where
the current decayed at a much faster rate. Even compared with
he scan rate of 100 mV s−1). Curves a-c correspond to the catalysts of Pt(F)-PDA/RGO,
W.  Ye et al. / Electrochimica Acta 142 (2014) 18–24 23
Table  1
Comparison of electrochemical parameters.
Catalyst QH (mC  cm−2) ECSA (m2 g−1) If (mA) If/Ib I a (mA) Normalized current b (%)
Pt(F)-PDA/RGO 18.82 89.64 24.62 1.17 0.69 88.0
Pt(C)-PDA/RGO 10.90 51.89 43.63 1.09 0.034 65.5
Pt-RGO 12.45 59.30 16.40 0.92 0.063 64.4
a I is the the residual current at 0.75 V after 1500 s.
b Normalized current (%) is the percentage of the peak current of the 200th cycle compared to the maximum peak current.
Fig. 6. (A) Cyclic voltammograms of Pt(F)-PDA/RGO catalyst from the 1st to the 200th cycle. (B) Cycle stability of the catalysts. Curves a-c correspond to the catalysts of
Pt(F)-PDA/RGO, Pt(C)-PDA/RGO and Pt-RGO, respectively. The inset of (B) shows the photographs of aqueous-dispersions Pt(F)-PDA/RGO (a), Pt(C)-PDA/RGO (b) and Pt-RGO
(c)  with the concentration of 1 mg/ml  for each.
Fig. 7. (A) Voltammetric curves of 2 M CH3OH in 0.5 M H2SO4 at Pt(F)-PDA/RGO (scan rate 20, 40, 50, 60, 80, 100, 120 and 150 mVs−1 from inner to outer). (B) ip vs 1/2 plot
and  (C) Ep vs ln () plot.
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orous Pt-Ni-P nanotubes [34], Pt(F)-PDA/RGO has its own advan-
ages in spite of a little inferior stability: One is that the current
asily reaches to the maximum. Pt(F)-PDA/RGO only needs 40
canning cycles while porous Pt-Ni-P nanotubes needs 120 scan-
ing cycles. Another is the initial current is higher. For the ﬁrst
ycle, this current is about 60% of the maximum while the latter
s only 27%. These suggest that Pt(F)-PDA/RGO catalyst is easily
ctivated.
.4. Kinetic investigation of methanol electrooxidation at
t(F)-PDA/RGO
The transportation characteristics of methanol on the Pt(F)-
DA/RGO modiﬁed GCE was investigated by varying the scan rate
nd the corresponding voltammograms are shown in Fig. 7A. The
elationship between the forward peak current density (ip) and
quare root of scan rate () is presented in Fig. 7B, and a linear
elationship is clearly observed, which suggests that the oxidation
f methanol may  be controlled by a diffusion process [35,36]. Addi-
ionally, the forward peak potential EP increased with the scan rate
), another linear relationship between EP and log () is obtained
s shown in Fig. 7C, which can be inferred that the oxidation of
ethanol is an irreversible process [37,38]. Also, the irreversible
harge transfer process can be described by the following
quation:
 = ∂EP
∂ ln()
= RT
2˛nF
(2)
here  ˛ stands for the electron transfer coefﬁcient, characterizing
he effect of electrochemical potential on the activation energy for
n electrochemical reaction. In this work, the obtained slope of EP
s. ln() is 39 mV,  and n  ˛ is calculated as 0.33. According to the
eference [39], n equals to 1.3. Hence,  ˛ can be calculated as 0.34.
urthermore, the relationship of between ip and 1/2 can be written
s:
p = 0.4958 × 10−3 nF3/2 (RT)−1/2 (n)1/2 ACD1/2 1/2 (3)
here D is diffusion coefﬁcient. D = 1.42 × 10−9 m2/s at 293 K can be
alculated from the plot of ip vs. 1/2 for the oxidation peak, which
s higher than the reported values [40,41]. As discussed above,
ethanol oxidation is controlled by a diffusion process on the
t(F)-PDA/RGO modiﬁed GCE. Thus, the higher diffusion coefﬁcient
eans a beneﬁcial effect on the kinetics of methanol oxidation.
. Conclusions
A facile and effective route was developed for decorating ﬂower-
ike Pt nanocrystals on PDA wrapped RGO via chemical reduction
f H2PtCl6 with ascorbic acid under boiling. Inspired by mussels,
GO could be easily obtained through the reduction of GO with
opamine and simultaneously be wrapped with PDA coating from
elf-polymerization of dopamine. The effects of heating and the
odiﬁcation of PDA on the growth of Pt ﬂowerlike nanostructures
ere studied. The as-prepared Pt(F)-PDA/RGO presented excellent
lectrocatalytic activity and stability toward methanol oxidation,
[
[
[
[cta 142 (2014) 18–24
which would lead a promising application as an advanced electrode
material in DMFCs.
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